Abstract: Radical dispersion polymerization of styrene in a non-aqueous media in the presence of a solvent for polystyrene was carried out to study the effect of the solvency of the continuous phase on the polymerization kinetics, the particle morphology, the size and the particle size distribution. Either ethylacetate or cyclohexanone was used as solvent in combination with ethanol as non-solvent. The polymerization kinetics is strongly influenced by the solvency of the continuous phase. The rate of polymerization is reduced in the ethanol-cyclohexanone mixture almost by a factor of two relative to the value obtained in the ethanol-ethylacetate system. On the contrary, variations in the initiator and stabilizer concentration have negligible effects on the polymerization kinetics.
Introduction
Dispersion polymerization is a unique process for the preparation of monodisperse micron-size polymer particles [1] [2] [3] [4] . This method originally developed in the late 1960's [5] [6] [7] [8] [9] , attracted much interest in the late 1990's, stimulated by the work of Lok and Ober [10] . In this process, the initial reaction mixture is a homogeneous solution containing the monomer dissolved in an inert organic solvent in which the resulting polymer precipitate as solid spherical particles stabilized by polymers as steric stabilizers.
The solvency of the dispersion medium for the polymer is of paramount importance for both the polymerization process and the final properties of the dispersion (particle morphology, molecular weight of the polymer, average particle size, and particle size distribution). A higher solvency is expected to reduce the absorption of the stabilizer molecules on the polymer particles [5] . Some papers describe the role of the solvency of the dispersion medium in dispersion polymerization of styrene and methyl methacrylate (MMA). Most of these investigations dealing with the kinetics have been carried out either in pure organic solvents [11, 12] or in alcohol -water mixtures [13] [14] [15] [16] . Barrett reported the kinetics of free-radical initiated polymerization of methyl methacrylate in n-dodecane and proposed a model based on polymerization within monomer-swollen particles [11] . This study was limited to polymerization kinetics without considering the average particle size and size distribution. Piskin et al. studied styrene polymerization in alcohol -water mixtures using poly(acrylic acid) as steric stabilizer [13, 14] . The polymerization rate and final monomer conversion at given initiator and stabilizer concentrations increases with increasing water content in alcohol-water mixture. The average particle size decreases with increasing water content. In a similar study Almog et al. reported the increase of the average particle size when the dispersion medium was varied from methanol to ethanol, to isopropanol, and t-butanol [15] . These results prove the influence of the polarity of the continuous phase. The effect of the changing monomer concentration in the presence of a diluent has also been reported [5] . If the monomer is a good solvent for its own polymer, dispersions with coarse particle size distributions were obtained. However, while evaluating these results it has to be taken into consideration that the solvency power of the continuous phase changes with increasing monomer conversion.
The behaviour of a variety of other hydrophobic as well as relatively hydrophilic monomers like p-chloromethylstyrene, vinyl acetate, acrylamide, 1-vinyl 2-pyrrolidone crosslinked with ethylene dimethacrylate, 2-hydroxyethyl methacrylate and glycidyl methacrylate in dispersion polymerization was also studied [17] [18] [19] [20] [21] [22] [23] .
The present study reports results regarding the influence of good solvents for the polymer as additives to the continuous phase which actually has to be in heterophase polymerization, a non-solvent for the produced polymer. That is, these experiments mimic the influence of the monomer as good solvent for its polymer during the initial part of the polymerization process if only a non-solvent as continuous phase is applied. At relatively low monomer content as applied here (17 weight % relative to the continuous phase excluded the monomer) the results can shed some light on the initial stage as the duration of this period when only the monomer increases the solvency power of the continuous phase for the polymer, is extended. Additionally, thermodynamics requires that the particle should be much more swollen with monomer, solvent, and also non-solvent. The non-solvent penetrates the swollen particles as it is miscible with the solvent for the polymer. This has consequences also on the distribution of the stabilizer and the initiator in the reaction system. But more importantly, also the interfacial tension between the particles and the continuous phase should decrease and hence one might expect consequences for all particle properties such as size, size distribution, and colloidal stability. Particularly, the influence of ethyl acetate and cyclohexanone, which are good solvents for polystyrene, as diluents in mixtures with ethanol (a non-solvent for polystyrene) during the dispersion polymerization of styrene with poly(vinyl pyrrolidone) (PVP) and tricaprylmethyl ammonium chloride (aliquate 336) as stabilizer mixture initiated with 2,2'-azobisisobutyronitrile (AIBN) is investigated. Special emphasis is placed on the effect of the composition of the continuous phase as well as the initiator and stabilizer concentrations on the polymerization kinetics, the average particle size, the particle size distribution, and the morphology of the particles.
Results and discussion

Conversion-time curves and rate of polymerization, R p
Conversion-time curves as shown in Figure 1 indicate the strong influence of the composition of the continuous phase on the polymerization kinetics. The solvency power of the continuous phase for polystyrene increases with higher amounts of organic solvents. Both the rate of polymerization (expressed as the slope of the conversion-time curves) and the final conversion decrease with increasing solvency power of the dispersion media. The higher the ethyl acetate or cyclohexanone content in the nonaqueous media the longer it takes the formation of polystyrene parti-cles (that is the longer is the duration of the pre-nucleation period). This can be easily explained with the aggregative nucleation mechanism within the frame of the classical nucleation theory which seems to be applicable to any kind of heterophase polymerization [5, 24] . Accordingly, a higher solvency of the continuous phase causes a longer period of time before the critical supersaturation for nucleation is reached. In the initial period (that is the pre-nucleation period) the polymerization proceeds homogeneously in the dispersion medium as solution polymerization. After particle nucleation the reaction systems becomes heterogeneous and monomer, radicals, and stabilizers distribute now among the phases. As the solubility in the continuous phase of both the monomer and the initiator increases with increasing content of organic solvent it is reasonable to expect that their concentration in the particles decreases. Consequently, the delayed formation of particle and the lower monomer and initiator concentration together with the higher solubility of growing oligomers in the continuous phase are all together responsible for the reduction in the conversion rate. At given composition of the continuous phase the final conversion is strongly reduced in the ethanol -cyclohexanone than in the ethanol -ethyl acetate mixture. Moreover, a considerable portion of the PS particles was coagulated when cyclohexanone content exceeded 15% (v/v). This result is an expression of the lower colloidal stability in the presence of cyclohexanone. As the Flory -Huggins interaction parameters with polystyrene are comparable for both solvents [25] the conclusion can be drawn that the solubility of the PVP stabilizer in the continuous phase is crucial. Extrapolated values to 60 °C of Flory -Huggins interaction parameters for polystyrene determined by inverse gas chromatography are 1.92 and 1.96 for cyclohexanone and ethyl acetate, respectively [26] . Note, this technique leads to quite high values as illustrated by the value for toluene which is 1.46 compared to about 0.4 determined by vapour pressure. Despite the lack of quantitative experimental data it is reasonable to assume that PVP interacts stronger with cyclohexanone than with ethyl acetate and hence, it adsorbs less on the particles in the alcohol -cyclohexanone mixture. This assumption was qualitatively confirmed as a 1 weight -% solution of PVP in cyclohexanone can easily be prepared by stirring at room temperature whereas only a minor part of the polymer was dissolved in ethyl acetate.
The conversion -time data as depicted in the graphs of Figure 1 allow the determination of an average rate of polymerization in the linear part of the curves which is between about 5 and 70 % of monomer consumption (after the initial particle nucleation). This polymerization rate, R p (mol dm -3 min -1
), was calculated with the equation R p =[M] 0 dX/dt, where [M] 0 is the initial monomer concentration relative to the continuous phase (ethanol plus organic solvent) and dX/dt is the least-square-best-fitted slope of the conversion -time curves.
The dependence of R p on the initiator concentration (2,2' azobis(isobutyronitrile) (AIBN)) and the stabilizer concentration (poly(N-vinyl pyrrolidone) (PVP)) is shown in the graphs of Figure 2 . In general, the rate of polymerization depends only slightly on the initiator concentration and a little stronger on the stabilizer concentration. A comparison between both organic solvents by means of the data of Fig. 2 is not possible as different compositions are considered and cyclohexanone influences the kinetics much stronger than ethyl acetate at the same composition (cf. Fig. 1 ). Particle characteristics -Average hydrodynamic particle size
The average particle size in heterophase polymerizations is expected to increase with increasing conversion provided there is no continuous particle nucleation as it is frequently observed in microemulsion polymerization. Moreover, the number, the size, and the morphology of the particles are expected to depend, for given recipe components, on the particular polymerization conditions that is the concentration of the ingredients and the temperature.
With increasing solvency of the continuous phase one can expect from the classical nucleation theory besides a longer pre-nucleation period smaller critical nucleus. If coagulation or coalescence can be effectively suppressed the average final particle size should also be smaller at higher solvency of the continuous phase. The data put together in Figure 3 show that this prediction is at least at lower content of the organic solvent in both cases observed. If greater amounts of the solvents in the mixtures are applied, the condition of colloidal stability is not fulfilled any longer and the average particle size increases. This is especially true for cyclohexanone where at 15 % v/v the average particle size is larger than in pure alcohol. Two main reasons might be responsible for this behaviour. First, the adsorption of the stabilizer is reduced with greater solubility in the continuous phase. Second, the particles are highly swollen in the presence of solvent and hence, coalescence is made easier. The influence of the AIBN concentration on the development of the average particles size during the polymerization process depends strongly on the nature of the solvent added to the continuous phase as illustrated by the data of Figure 4 . Despite the differences, an increase of the AIBN concentration above 1 mM causes larger particles at the end of the polymerization. During the initial period of the polymerization the average size of the particles is obviously strongly influenced at higher volume fractions of solvent in the continuous phase (cf. Fig. 4a) . A cyclohexanone content of 5 % in the continuous phase has only little effect on the average particle size up to a monomer conversion of about 30 %.
The influence of the concentration of the steric stabilizer PVP on the average particle size is only of minor importance for both systems (cf. Fig. 5 ). In the investigated concentration range, the development of the average particle size with monomer conversion is almost independent of the PVP concentration. The larger average size with lower PVP concentrations at the highest conversion in both dispersion media implies possible coagulation. -Particle size distribution and morphology
The data of the average particles sizes as determined with a routine dynamic light scattering equipment does not allow conclusions regarding the particle morphology and, although the data gives an indication, no clear measure of the width of the particle size distribution was obtained, especially about the question whether or not a second particle nucleation event occurred.
The TEM images of Figure 6 confirm the suspected influence of the solvency of the continuous phase for the polymer on the particle morphology. The particles prepared in pure ethanol are spherical whereas with increasing ethyl acetate content more and more non-spherical particles appear. That this is not an effect occurring during the sample preparation when the fluid phase slowly evaporates and the stresses on the particles might deform them is proven by light microscopy (cf. Fig. 7) where the native particle can be observed free floating in the continuous phase. Non-spherical particles are clearly to be seen and hence the conclusion is justified that increasing amounts of solvents for the polymer that are miscible with the continuous phase cause the appearance of such particles. The reason might be that the surface forces, which usually drive the shape towards a minimum surface area, are not strong enough to overcome the deformation mainly caused by the hydrodynamic force fields. The interfacial tension between the highly swollen particles and the continuous phase is quite low as both the ethanol and the polystyrene particles contain the solvent and hence at given power input by the stirrer, the Weber number as measure for the droplet deformation is high. Moreover, the solvent present in the continuous causes a higher concentration of (oligomeric) polystyrene and hence, a higher viscosity of the continuous phase enables a more effective transfer of the stirring power to the droplets. This deformation should take place at intermediate conversion where additional monomeric styrene is available as cosolvent. At higher conversion the viscosity inside the swollen particles, which actually might be considered also as droplets, is higher and the droplets are able to resist the recovery of the spherical shape by the surface forces. The higher degree of swelling of polystyrene with increasing solvency which facilitates coagulation may also cause particle deformation. Another effect of the solvent is the occurrence of multiple nucleation events as indicated by the broad particle size distribution with increasing content of the solvent (Fig. 6 a-d) . Also cyclohexanone as solvent leads to non-spherical particles in the final dispersion (cf. TEM images of Fig. 8 ). However, it should be mentioned that the deformation effects are much stronger and at cyclohexanone content above 15 % (v/v) the dispersions become unstable to coagulation. As already discussed above the reason is very likely the better solubility of PVP in cyclohexanone compared with ethyl acetate. If the above explanation of the origin of the deformed particles is correct, varying the initiator concentration should influence the morphology much strongly than variation of the stabilizer concentration. Increasing the AIBN concentration leads indeed to a relative reduction of the content of non-spherical particles as evidenced by the TEM images put together in Fig. 9 . This effect is caused by a reduction in the molecular weight of the polymer that reduces the viscosity inside the particles and allows the surface tension to restore the spherical shape after deformation. This can be especially observed with ethyl acetate as solvent as it allows polymerization in the presence of higher amounts without stability problems (cf. Fig. 6 and images (a) and (b) of Fig. 9 ). If there is any influence of the concentration of the polymeric stabilizer on the particles morphology one might expect it especially for the polymerizations in the ethanol -cyclohexanone mixtures in which the PVP is better soluble. The SEM images of Fig.  10 seem to confirm this conclusion. For the ethanol -ethyl acetate mixture as continuous phase the comparison with image (c) of Fig. 6 shows that there is indeed almost no effect of the PVP-concentration on the particle morphology. Contrary, the comparison with image (a) of Fig. 8 reveals a moderate influence of the PVPconcentration for the ethanol-cyclohexanone system. With increasing stabilizer concentration the portion of deformed particles is slightly increased. This behaviour supports the statement that a high solvency of the dispersion media leads to a reduction in the efficiency of the PVP.
Conclusions and Summary
The addition of increasing amounts of a solvent for the polymer (ethyl acetate or cyclohexanone) to the continuous phase influences the dispersion polymerization of styrene in ethanol considerably. The higher solvency of the continuous phase for the polystyrene influences the particle formation, the particle stability, and the overall kinetics of the polymerization process. In the presence of more than 5 % (v/v) of the solvents in the continuous phase the particles size distribution broadens considerably indicating multiple nucleation events. Moreover, the experimental results show that a crucial parameter is also the solubility of the stabilizer in the modified continuous phase. The higher is its solubility the poorer its ability to stabilize the particles. Therefore, with cyclohexanone as solvent at amounts above 15 % (v/v) in the continuous phase the dispersions are unstable to coagulation. Contrary, for ethyl acetate the dispersions are stable up to 50 % (v/v).
Experimental part
Materials and experimental techniques
Styrene of monomer grade, purchased from Fluka, Chemika, Switzerland, was distilled under reduced pressure and preserved in the refrigerator before use. AIBN was recrystallized from methanol at low temperature and preserved in the refrigerator. Tricaprylylmethyl ammonium chloride (aliquate 336) of Fluka, Chemika, Switzerland and PVP of Loba Chem., India were used as received. Ethanol, ethyl acetate and cyclohexanone were dehydrated over calcium hydride and distilled before use.
Polymerization of styrene
Dispersion polymerization of styrene was carried out in a three necked round bottom flask immersed in a thermo-stated water bath maintained at 60 °C under nitrogen atmosphere. The dispersion media (70 mL) consisted of either ethanol-ethyl acetate or ethanol-cyclohexanone. The solvency power of the dispersion media was varied by changing the percentage of ethyl acetate and cyclohexanone respectively which are both solvents for PS particles. The polymerization conditions are detailed in Table 1 .
In order to study the effect of reaction conditions additional polymerizations were carried out in two different dispersion media comprising 30% (v/v) ethyl acetate in ethanol-ethyl acetate system and 5% (v/v) cyclohexanone in ethanol-cyclohexanone system with variable AIBN and PVP contents. The polymerizations were carried out with styrene content 17 weight % relative to dispersion media at 60 °C under a nitrogen atmosphere. The polymerization conditions with variable AIBN and PVP content are outlined in Tables 2 and 3 . The intensity weighed average hydrodynamic diameters of PS latex particles were measured with a NICOMP 380 particle sizer (Santa Barbara, California, USA). In this case the polymer samples were diluted with distilled water. The reproducibility of the size measurements is around ± 4% for the intensity weighed average diameters. For transmission electron microscopy (TEM) observations the latex samples were diluted to about 0.1% solid by distilled water and then a drop was placed on a carbon coated copper grid. The samples were dried at ambient temperature before being observed by a Zeiss EM 912 Omega microscope. For light microscopic observation the samples were diluted with distilled water and a drop was placed directly over a glass slide under a cover glass. The sample without drying was immediately observed by a Keyence VHX digital microscope. Scanning electron microscope or SEM (LEO Electron Microscopy Ltd, UK) was also used to see the images of PS particles.
Overall monomer conversion and rate of polymerization
Polymer samples were withdrawn from the reactor at definite time intervals and placed in a pre-weighed dried ceramic Petri dish. To prevent further polymerization the ceramic dish contained a known amount of 1% hydroquinone solution and was additionally quenched rapidly in an ice water bath. Samples were kept in an oven at around 80 °C until a constant weight was reached. Then the percentage of overall monomer conversion was calculated from the solids content by taking into account the amount of auxiliary materials. All the batches were carried out in duplicate and checked the reproducibility of the conversion data. The procedure as applied was quite reproducible as the conversion data could be reproduced with an accuracy of ± (2-4) %. The rate of polymerization, R p , was obtained from the least-squares-bestfitted slope at the linear portion of the conversion-time curves in the period of 5 to 70% conversion depending on the nucleation interval multiplied by the initial monomer concentration based on total dispersion media.
